Introduction
Gastroenteropancreatic neuroendocrine tumors (GEP-NETs) are a heterogeneous group of neoplasms that arise from the cells of the diffuse endocrine system scattered through mucosa of the gastrointestinal tract and pancreas [1, 2] . Although considered rare, GEP-NETs have an incidence of 3.6/100,000 and an estimated prevalence of 35/100,000 [3] .
Due to lack of symptoms in the early stages, frequent non-specific gastrointestinal symptoms and lack of specific tumor markers, GEP-NETs are difficult to diagnose. The delay in timely diagnosis often results in patients presenting with advanced disease and a poor prognosis quoad vitam. Consequently, a large proportion of tumors exhibit metastases at the time of diagnosis and at that point are not well controlled by either biotherapy or conventional chemotherapy [4] . Therefore, there is still an unmet need for earlier GEP-NET diagnosis.
Chromogranin A (CgA) is currently the best general tumor serum and tissue marker expressed in 80-90% of patients with GEP-NETs. Its value lies in its universal se-cretion by the majority of neuroendocrine cells that persist after malignant transformation. Unfortunately, CgA is also secreted in a variety of non-NET-related pathologic conditions, so in clinical practice, due to limitations in sensitivity, specificity and reproducibility, it is a moderately effective tumor biomarker in the management of GEP-NETs [3, 5] .
Together with CgA, proliferation marker Ki-67 is a universal marker of cell proliferation and biological behavior, and is important for tumor grading and classification [6] . The identification of effective biomarkers to improve GEP-NET diagnosis, as well as to assess treatment efficacy, relapse and prognosis, is high on the list of priorities in GEP-NET research and markers such as neurokinin and pancreastatin are being evaluated [7] [8] [9] .
This overview focuses on the role of chronic inflammation and pro-inflammatory cytokines in GEP-NETs, and their possible role as disease prognostic markers. It is not intended to encompass every aspect of GEP-NET etiopathology but to provide an overview in the abovementioned areas as well as to discuss the authors' own results in the field.
Gastroenteropancreatic Neuroendocrine Tumors
Carcinoids, slow-growing tumors, were first recognized in 1907, which laid the basis for the understanding of GEP-NETs. However, molecular changes underlying such tumors are still not very well understood. At the beginning, carcinoids were thought to be rare, and as the name suggests, of benign behavior. Since then the advances made in the understanding of neuroendocrine cell physiology, pathophysiology, and tumor analysis at histological and molecular levels have revealed the full complexity of the disease. However, due to this complex heterogeneity, little or no survival increase has been achieved over the years. Therefore, GEP-NETs still represent a significant clinical issue while due to a lack of specific early biomarkers as many as 50-70% are metastatic at the time of diagnosis and there is a paucity of effective therapy in the later stages [10] .
Quite a few tumor characteristics were taken into account in order to classify GEP-NETs and to predict tumor prognosis [11] [12] [13] . According to current knowledge, there are at least 17 different neuroendocrine cell types distributed throughout the gastrointestinal tract and pancreas, which could all be taken into account as potential tumor progenitors ( fig. 1 ) . In order to address this complexity in everyday clinical practice, common clinical diagnostic and prognostic criteria have to be established between pathologists and clinicians [14] [15] [16] [17] [18] [19] [20] [21] . The most prominent features that are still used in the literature concerning GEP-NETs are: embryogenetic origin of the tumor, tumor size and differentiation, presence of angio-or lymphatic invasion, presence of local or distant metastases and functional activity of tumor cells, but as molecular profiling may enhance tumor classification schemes, efforts are being made to include molecular features of tumors into current classifications [22, 23] .
The first insight into the genomic basis of GEP-NETs was presented by the discovery of MEN-1 genetic variants (MEN-1) during the research studies on inherited forms of GEP-NETs, primarily occurring as a part of multiple endocrine neoplasia type 1 (MEN-1) syndrome. However, MEN-1 mutations can explain the genetic mechanisms present in only a small proportion of tumors, while the biology of the majority of more common, sporadic GEP-NET forms still remains poorly understood [24] . Since MEN-1 , many different genes have been investigated for their potential role in GEP-NET development and progression, and new molecular profiles of gastrointestinal (GI-NETs) and pancreatic neuroendocrine tumors (pNETs) were subsequently described [23, 25] .
Current knowledge in this field shows that frequent chromosomal gains occur on chromosomes 7 and 20, the former also associated with metastases, together with losses on chromosomes 2, 6q, 21q, and Y in pNETs. On the other hand, comparative genomic hybridization studies of GI-NETs show frequent gains on chromosomes 17 and 19, while a frequent loss was detected on chromosome 18. These findings further distinguish the different molecular genetic background of these two tumors [26] [27] [28] .
In addition, several new potential GEP-NET biomarkers have emerged through molecular profiling studies on neuroendocrine tumors. For instance, in the study of Leja et al. [29] , paraneoplastic antigen Ma2 (PNMA2), testican-1 precursor (SPOCK1), serpin A10 (SERPINA10), glutamate receptor ionotropic AMPA 2 (GRIA2), G protein-coupled receptor 112 (GPR112) and olfactory receptor family 51 subfamily E member 1 (OR51E1) have been identified as potential markers of neuroendocrine carcinomas. In the study of Duerr et al. [23] , differentially expressed genes in pNETs versus GI-NETs have been identified. Adenylate cyclase 2 (ADCY2), nuclear receptor subfamily 4, group A, member 2 (NR4A2), FEV and growth arrest and DNA-damage-inducible, β (GADD45b) were upregulated in the malignant group of pNETs. Malignant ileal GI-NETs presented a differ-ent molecular expression signature with upregulation of extracellular matrix protein 1 (ECM1), vesicular monoamine member 1 (VMAT1), galectin 4 (LGALS4), and RET.
More so, epigenetic changes have also been identified to have an important role in the development and progression of GEP-NETs. Indeed, numerous miRNAs as well as specific miRNA signatures have been analyzed in order to predict the clinical outcome of lung neuroendocrine tumors and small intestinal neuroendocrine tumors. For instance, miRNA-133a has been identified as a marker of progression from primary to metastatic carcinoid tumors with a possible diagnostic and/or prognostic value in midgut carcinoid tumors [30, 31] .
In the last few years, both national and international societies with multidisciplinary panels have published diagnostic and treatment guidelines for GEP-NETs which include surgery, bio-and chemotherapy, radionuclide therapy as well as new targeted therapies [32] [33] [34] [35] . Despite the progress in the understanding of GEP-NET molecular biology, there is still little advance in their early diagnosis and we are still lacking a definition of malignant molecular profile of tumors. This is in part due to the incomplete understanding of underlying signalling pathways as well as the lack of biochemical markers/screening tests which results in the delay of GEPNETs' clinical management. Consequently, a large proportion of tumors exhibit metastases at the time of diagnosis and at that point are not well controlled by either biotherapy or conventional chemotherapy [36, 37] .
Introduction and development of somatostatin (sst) analogues and interferon (IFN)-α substantially ameliorated life of GEP-NET patients with grave symptomatology, caused by hormone overproduction and secretion. The latter, immune-mediated treatment with IFN-α, set additional ground for our research of chronic inflammation in the setting of GEP-NETs [14, 15] . IFNs exert an- titumor effects through different mechanisms, and in the presence of NETs they additionally induce upregulation of sst receptors. Although IFN treatment is associated with some side effects, it is quite tolerable at the dose ranges studied in NETs. At present, biotherapy (sst analogues and IFNs) is a preferred treatment option in case of well-differentiated and slow-growing tumors. An sst analogue is induced in case of positive sst receptors, while in the case of negative sst receptors, IFN-α is administered, or they are used together to reach symptomatic improvement or disease stability [38] [39] [40] [41] . More recently a direct anti-tumor effect of sst analogue octreotide has been demonstrated in patients with low-grade metastatic midgut NETs, regardless of tumor functional status. The most frequently observed response was stable disease, and patients with the relatively low tumor burden seemed to benefit the most. Nonetheless, the treatment of each individual tumor is often complex and requires multidisciplinary expertise of endocrinologists, gastroenterologists, surgeons, oncologists, nuclear medicine specialists and pathologists [40, 42] .
Chronic Inflammation and Cytokine Genetics in Tumorigenesis
The link between inflammation and cancer was described in the 19th century by Virchow who discovered lymphocytes infiltrated into neoplastic tissue [43, 44] . Moreover, inflammation affects immune surveillance and responses to therapy; therefore, modulating the immune response may be an alluring target for therapeutic intervention [45] .
Carcinogenesis in the gastrointestinal tract and pancreas is often associated with chronic inflammation. For example, polymorphisms in genes coding for inflammatory mediators are associated with an increased risk of gastric cancer. A particularly striking example of the mentioned link is seen in the inflammatory bowel disease associated with an elevated risk of colorectal cancer or chronic pancreatitis potentiating the development of pancreatic adenocarcinoma [46, 47] . Similar observations have been made in inflammatory bowel disease patients developing gastrointestinal neuroendocrine tumors [48] [49] [50] [51] [52] [53] .
The exact mechanism by which chronic inflammation promotes tumor growth is still not completely understood. During tumorigenesis the host-mediated anti-tumor activity is suppressed, while pro-inflammatory actions prevail ultimately supporting tumor growth, angiogenesis, invasion and metastasis [54, 55] . Importantly, cytokines shape the tumor microenvironment into either favorable or suppressive for tumor growth. The direction in which the balance is tipped -either towards tumor suppression or progression -depends much on the cytokine profile that is predominantly expressed in the tumor microenvironment. Several cytokines, such as TNF-α, IL-1α, IL-1β, IL-6, IL-10, IL-12, IL-17 and IL-23, are responsible for this polarization, and of these the involvement of TNF-α, IL-6 and IL-17 has been continuously proven in tumor growth and promotion [56] .
Pro-inflammatory cytokines, chemokines, growth factors, prostaglandins, and reactive oxygen and nitrogen species act as immune system messengers in feed-forward loops present in the nuclear factor-κB (NF-κB) and signal transducers and activator of transcription (STAT3) pathways [44, 53] .
STAT3 activation is essential for initiation and progression of majority of solid malignancies [57, 58] . Persistent STAT3 activation in malignant cells stimulates cell proliferation and survival, angiogenesis, invasion, and tumor-promoting inflammation. STAT3 orchestrates tumor-associated inflammation by upregulating chemokines capable of attracting immune and inflammatory cells that further propagate STAT3 activity through production of mainly IL-6 and IL-1β [57] [58] [59] . Recruited immune cells as well as neoplastic cells continue to produce cytokines that activate oncogenic transcription factors, sustaining tumor-associated inflammation. This implies that drugs that disrupt tumor-associated inflammation could have significant therapeutic and preventive effects in a variety of cancers, regardless of their origin [60] .
The activation of NF-κB pathway in cancer cells regulates either cell survival during early tumor promotion or induces the transcription of genes that encode pro-inflammatory cytokines, including TNF-α and IL-6, which further affect tumor growth through the paracrine induction of NF-κB and STAT3 [61, 62] .
As STAT3 and NF-κB pathways control genes necessary for angiogenesis, mainly vascular endothelial growth factor (VEGF), they influence the ability of tumor cells to invade and metastasize [63, 64] . NF-κB and STAT3 signalling pathways are persistently activated in various malignancies, and the most common mechanism of their induction is by an excess of cytokines provided in an autocrine or paracrine loop. In general, cytokines can be divided into those that are pro-inflammatory (i. has become clear that many of these molecules can have dual roles. TNF-α and IL-1β are essential in the initiation of chronic inflammation, and their role via the activation of NF-κB pathway has provided a strong link to cancer [44] .
Inflammation in GEP-NETs
Research efforts over the past few decades have shown that GEP-NETs occur more frequently in the settings of chronic inflammation. Indeed, it was shown that enteroendocrine cells can be hyperstimulated by chronic inflammation, which leads to their hyperplasia and neoplastic transformation [65] [66] [67] [68] .
Studies of neuroendocrine tumors imply important role of cytokines such as IL-1 in the directing cancer cells to either neuroendocrine differentiation or to development of adenocarcinoma [69] [70] [71] while exogenously added IL-1 causes a decrease in CgA and simultaneous increase in CEA secretion. These findings therefore suggest a direct relationship between IL-1 and CEA expression as well as inverse relationship between IL-1 and NE differentiation. Additionally, IL-2 has an established role in gastrointestinal hormone synthesis and secretion [72] . Moreover, GEP-NETs are highly vascularized and they express different growth factors, cytokines and tyrosine kinase receptors that are currently used as markers of tumor malignant potential [73] and targets for new chemotherapeutic agents [74] .
Cytokine Genetics in GEP-NETs
Several pro-inflammatory cytokines have been implicated in the development of carcinoid tumors [75] [76] [77] [78] [79] [80] , and in case of metastatic carcinoids an additional prognostic role of cytokines was noticed [81] .
The cytokine genes are highly polymorphic, and different polymorphisms, mostly single nucleotide polymorphisms (SNPs), influence the regulation of their expression and function. In addition, genetic polymorphisms have in recent years been identified as important modifying factors of disease susceptibility and prognosis. Although most polymorphisms are functionally neutral, some have effects on gene expression regulation or influence the function of the encoded protein. These regulatory SNP polymorphisms, despite being of low penetrance, directly influence interindividual variation in the magnitude of cytokine response, and could contribute to differences between individuals in susceptibility to and prognosis of cancer. Consequently, deregulation of cytokine production can influence tumor progression as well as host anti-tumor immunity [82] .
During the past decade we have investigated the potential association between SNP polymorphisms in cytokine genes and susceptibility to both pNET and GI-NET tumors. In our work, we have examined the role of several promoter SNPs in the TNF-α , IL-1β , IL-2 and IL-6 genes. These polymorphisms were chosen based on their influence on cytokine expression regulation and their association with susceptibility to different tumors of gastrointestinal tract and pancreas [83] . We have also analyzed the role of these inflammatory cytokines as novel potential tumor markers by comparison of their serum levels with known neuroendocrine prognostic and diagnostic markers in GEP-NET patients, as well as with individual cytokine SNP profiles.
In our pioneer study in this field we have examined the role of pro-inflammatory cytokine TNF-α, IL-6, IL-1β and IL-2 in GEP-NETs ( fig. 2 ).
GEP-NETs
Hindgut GI-NETs Our study has shown that TNF-α and IL-2 are associated with GEP-NET development. Specifically, TNF-α -1031C and IL-2 -330G allele increase one's overall susceptibility to develop GEP-NETs. On the other hand, TNF-α-308A allele is specific only for susceptibility to foregut GI-NET. Moreover, IL-2 -330 TG and GG and IL-6 -174 CG and GG genotypes contribute to higher IL-2 and IL-6 serum levels in GEP-NET patients. When serum levels of these cytokines are compared to standard neuroendocrine markers such as CgA (ubiquitous marker of both functioning and non-functioning GEP-NETs) and 5-hydroxyindoleacetic acid (5-HIAA) (elevated primarily in metastatic carcinoid tumors or serotonin-producing GEP-NETs), then IL-2 was more sensitive than 5-HIAA, and CgA in GEP-NET diagnostics [84, 85] .
Especially interesting are results concerning the pNETs. These tumors can either occur sporadically but can also be a part of syndromes of inherited multiple endocrine gland tumors. In latter case, there is an increased risk of tumor development in patient's family members. MEN-1 genetic variants can help to detect potential carriers of disease, but pNETs occurring as a part of MEN-1 are often non-functioning and diagnosed late. Moreover, tumors can be multiple and often small, with uncertain malignant potential and their surgical treatment is often challenging and potentially mutilating [86] [87] [88] . Therefore, the development of new and early prognostic markers as well as elucidation of potential susceptibility genes is of primary scientific and clinical interest.
According to several studies, pro-inflammatory cytokines were detected in pNET tissue suggesting their possible involvement in their etiology [89] [90] [91] . Our results show involvement of IL-6 and IL-1β in pNET development. According to SNP analyses, IL-6 -174 CG and GG genotype carriers and IL-1β -511/+3954 CTCC carriers were at risk of developing non-functional pNETs [84, 85, 92] , while IL-1β -511/+3954 CTCT carriers were prone to development of functional pNETs [93] . Moreover, IL-6 GG genotype correlated with IL-6 serum levels that were significantly higher in patients with non-functioning pNETs.
In conclusion, the results of many research studies have defined cytokines as one of the most important modifying factors in development, progression and prognosis of malignant tumors. In addition, many new antineoplastic drugs have been developed to target specific growth factor-induced signalling; especially interesting are monoclonal antibodies producing pharmacological blockade of cytokines, growth factors and/or protein kinases. The mentioned agents targeting VEGF, tyrosine kinase and mammalian target of rapamycin (mTOR) pathways which are recognized as relevant targets in the neuroendocrine tumor biology are currently under investigation for treatment of GEP-NET patients. A serine-threonine kinase mTOR is an integral part of several signalling pathways, including the signaling via VEGF [94] , and mTOR inhibitors everolimus and temsirolimus have been evaluated in clinical trials for the treatment of patients with metastatic NETs. Especially promising were the results in patients with advanced pNETs, leading to the approval of everolimus in the treatment of progressive pNET in patients with unresectable, locally advanced or metastatic disease [95] . Specific targeted agents interacting with the VEGF pathway including direct VEGF blockers such as bevacizumab and multitargeted tyrosine kinase inhibitors such as sunitinib were evaluated for the treatment of patients with NETs. Based on the results of clinical trials, sunitinib was approved for the treatment of patients with unresectable or metastatic well-differentiated pNETs with disease progression [96, 97] . Moreover, in individual cases, both mTOR inhibitors and sunitinib have proven successful in control of hormone hypersecretion by NETs [98, 99] . These novel agents are showing encouraging results in the prolongation of progression-free survival and improvement of hypersecretory syndromes. As a consequence of these advancements in therapy, pNETs are becoming a chronic condition for numerous patients. Currently, identification of biomarkers of the biologic activity of such targeted therapies as well as markers of response and prognosis is of utmost importance and it might help in selecting patients that can benefit most [100] [101] [102] [103] . Among potential prognostic markers that correlate with clinical outcomes and therapy resistance are the VEGF pathway proteins and IL-8, but they are not yet integrated into clinical practice [101] . Additionally, post-transcriptional modifications of mTOR signalling pathways, especially alternative splicing, and detection of alternatively spliced isoforms of key substrates such as S6K1, might be used to predict the sensitivity of tumors to mTOR inhibitors, enabling better choices of drug treatment in the clinic [104] .
Conclusion
Although a link between inflammation and cancer has been recognized for quite some time, the complex net- [105] . This approach will be especially important for diagnosis and prognosis of tumors with heterogeneous clinical presentation like GEP-NETs.
Indeed, constant efforts are being made to elucidate molecular genetic changes responsible for both GI-NET and pNET development and progression, but we are still very far from defining a molecular profile of malignant GEP-NETs.
In our proposed model, cytokine genotypes and corresponding high serum values modulate GEP-NET tumorigenesis. TNF-α -1031 polymorphism is associated with the susceptibility to GEP-NET development. Genotypes and serum values of IL-2 may add a new step toward distinguishing functional from non-functional GEPNETs. IL-1β -511 polymorphism can lead to pNET susceptibility while IL-1β -511 high expression allele is more frequent among patients with functional pNET. Also IL-6 -174 polymorphisms add to susceptibility of pNET development, and elevated IL-6 serum levels are an important biomarker of non-functional pNETs.
In this review we have summarized the results of our 10-year research and tried to propose a potential model of the role of cytokines in GEP-NET tumorigenesis, which could be used for a more personalized approach to management and therapy of these types of tumors. Future studies on angiogenic models as well as cell culture models of primary tumors and hematogenic and lymphogenic metastases of GEP-NETs will clearly be warranted in order to further elucidate the relationship between proand anti-inflammatory cytokines in GEP-NET patients.
